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Description 



SYSTEM AND METHOD FOR IMPROVING 
POWER DISTRIBUTION CURRENT 
MEASUREMENT ON PRINTED CIRCUIT 
BOARDS 

Background of Invention 
[0001] Field of the Invention 

[0002] The present invention relates generally to printed circuit 
boards (PCB) populated with power supplies used to fur- 
nish DC voltages and DC currents to integrated circuits, 
and more specifically to a method and system for measur- 
ing and/or balancing DC currents flowing from current 
sources to integrated circuits. 

[0003] Background of the Invention 

[0004] Current sharing allows a distribution of load current 

amongst a number of parallel DC to DC converters to in- 
crease the current and power delivery to a load by having 
each of the converters contribute some component of the 



total current required. Current sharing improves the sys- 
tem transient response by spreading the load over all par- 
alleled converters and improves reliability by reducing 
their individual power dissipation. With current sharing, 
each parallel converter contributes approximately a 
1/N+l portion of the load current, when there are a total 
of N+l paralleled converters with a minimum of N con- 
verters required for providing maximum load current. One 
converter does not have to contribute a disproportionate 
amount or reach a current limit before other parallel con- 
verters contribute. If some of the paralleled converters 
should fail, the load current is distributed among the re- 
maining converters and the system continues to operate. 

[0005] Current sharing can be based on the output current of 
each of the DC to DC converters or can be based on the 
current carried by each of the switching devices in each of 
the converters. When output current or load current is 
monitored, an output sense resistor is used in each of the 
parallel regulators. The sense resistor dissipates consid- 
erable amounts of power when the converters provide 
high output currents. 

[0006] Most commercially available DC converters do not provide 
current control or current monitoring. Therefore, external 



sensor circuits and external current sharing controllers 
are required. Generally, a discrete resistor is used to mea- 
sure the current. Figures 1A and IB illustrate the use of a 
discrete resistor to measure current to control DC to DC 
converters for efficient current sharing. Figure 1A is a 
partial cross-sectional view of a printed circuit board 100 
and Figure IB is a partial plan view of the external upper 
layer. PCB 100 comprises internal and external conductive 
layers, usually made of copper, in which wiring tracks may 
be designed and drawn. PCB 100 includes the conductive 
plane 105 that is part of the power plane grid imple- 
mented in one of the internal conductive layers. The con- 
ductive tracks 110 and 115 are part of the external con- 
ductive upper layer. Conductive vias 125 are used to elec- 
trically connect power plane 105 and conductive track 
115, as illustrated. Distributing current through a suffi- 
cient number of vias 125 reduces the voltage drop at any 
given node on the board. Once conductive tracks of the 
external layers have been designed, PCB 100 is partially 
covered with an insulative solder mask protective coating 
120 to protect the board and to avoid shorts. The parts 
that are not covered with insulative material are plated so 
that electronic components may be soldered to the PCB 



100. A Pin-ln-Hole (PIH) DC to DC converter 130 is con- 
nected to conductive track 110 of PCB 100 with pin 135 
and a discrete resistor 140 is connected to conductive 
tracks 110 and 115 as illustrated. An electronic compo- 
nent 145 having a pin 150 connected to the power plane 
105 is also shown in Figure 1. 

[0007] Figure IB illustrates the external upper layer comprising 
conductive tracks 110 and 115. Each conductive track 110 
and 115 end with a pad referred to as 155-1 and 155-2, 
respectively, on which discrete resistor 140 is soldered. 
The footprint of discrete resistor 140 is represented by a 
dotted line. Two further conductive tracks 160-1 and 
160-2 are connected to the pads 155-1 and 155-2, re- 
spectively, and to a current sharing controller, not repre- 
sented for clarity. While a single internal power plane is 
shown on Figure 1A, it is understood that a PCB generally 
comprises several internal power and wiring planes, in a 
multi-layered PCB. The number of internal power planes 
depends upon the power required and the number of DC 
to DC converters mounted on the PCB. Distributing cur- 
rent through several internal power planes reduces the 
voltage drop and therefore current loss. 

[0008] a standard solution for measuring current between DC to 



DC converter 130 and power plane 105 consists in re- 
moving discrete resistor 140 so as to solder a copper wire 
between pads 155-1 and 155-2 and to use a current 
clamp. 

[0009] jo achieve a lower resistor value, two discrete resistors in 
close proximity may be arranged in parallel. However, us- 
ing two discrete resistors per converter may increase the 
dedicated area for such components and the cost of PCB 
design. 

[0010] a need exists in the art for a method and system for mea- 
suring current at the output of a DC to DC converter and 
for optimizing current sharing between several DC to DC 
converters employed on a PCB such that the problems de- 
scribed above are overcome. Particular scrutiny must be 
given to the additional cost and area required to imple- 
ment a satisfactory PCB solution. 
Summary of Invention 

[001 1] Thus, it is an aspect of the invention to remedy the short- 
comings of the prior art as described above. 

[0012] The present invention is directed toward providing a sys- 
tem and method for measuring the current at the output 
of a PCB current source. The system and method is capa- 
ble of determining the total PCB surface area required to 



measure the current; avoiding generation of thermal hot 
spots; and having the capability to adapt for controlling 
current sharing between several current sources. 

[0013] The accomplishment of these and other related aspects is 
achieved through a printed circuit board with power plane 
layers that include a dedicated region for current mea- 
surement. Each of these regions includes a first segment 
for inputting current, a second segment for outputting 
current and a third segment for connecting the first and 
second segment. The printed circuit board further com- 
prises at least one pair of conductive vias connected to a 
different point of the third segment, wherein the current 
transferred from the first segment to the second segment 
is determined by measuring the difference of potential 
between each conductive via. 

[0014] Further advantages of the present invention will become 
apparent to those skilled in the art upon examination of 
the drawings and detailed description. It is intended that 
any additional advantages be incorporated herein. 
Brief Description of Drawings 

[0015] Figures 1A-B illustrate a standard solution of the prior art 
for measuring current at the output of a DC to DC con- 
verter and for optimizing current sharing between several 



DC to DC converters of a PCB. Figure 1A is a partial cross- 
section view of the PCB while Figure IB is a partial plan 
view of its external upper layer. 

[0016] Figures 2A-B Illustrate a first embodiment of the present 
invention for measuring current at the output of a DC to 
DC converter of a PCB. Figure 2A is a partial cross-section 
view of the PCB while Figure 2B is a partial plan view of an 
internal layer comprising a power plane. 

[0017] Figure 3 Shows a partial perspective view of the PCB illus- 
trated on Figure 2A and 2B further illustrating a current 
sharing controller. 

[0018] Figure 4 Shows a first embodiment of a system for opti- 
mizing current sharing of two DC to DC converters. 

[0019] Figure 5 Shows a second embodiment of a system for op- 
timizing current sharing of several DC to DC converters of 
a PCB. 

[0020] Figures 6A-D Depict examples of internal power plane 

shapes that may be used to measure the output current of 
a current source and/or to optimize current sharing be- 
tween current sources. 
Detailed Description 

[0021] The present invention is directed toward an adapted de- 
sign of the printed circuit board, particularly the internal 



power planes, including electrically characterized regions, 
so that the current on each PCB layer may be efficiently 
measured without a sense resistor mounted on an exter- 
nal layer. Such characterized regions of the power planes 
replace dedicated discrete resistors used for local current 
flow estimation. Since discrete resistors are not required 
and are replaced by discrete regions of the power planes, 
the printed circuit board (PCB) surface area dedicated to 
current measurement and the cost of the PCB may be re- 
duced. 

[0022] Figures 2A,B illustrate an example of the implementation 
of the invention in a PCB for measuring high current (e.g., 
current between about 20 and 40 amperes) at the output 
of a single DC to DC converter. Figure 2A is a partial 
cross-sectional view of the PCB while Figure 2B is a partial 
plan view of one of its internal layer comprising an 
adapted power plane. 

[0023] pcb 200 of Figures 2A,B includes a power plane 205, de- 
signed in an internal conductive layer, and a conductive 
track 210, designed in the external conductive upper 
layer. Vias 220, electrically connecting conductive power 
planes 205 and 210, are used to transfer high current 
from conductive track 210 to which DC to DC converter 



130 is connected to conductive power plane 205. As de- 
scribed by reference to Figure 1, distributing current 
through a sufficient number of vias 220 reduces the volt- 
age drop and therefore power loss. Similar to PCB 100, 
PCB 200 is partially covered with a solder mask 215 after 
conductive tracks of the external layers have been de- 
signed, to protect the board and to avoid shorts. The 
parts that are not covered with insulative material are 
plated so that electronic components may be soldered. A 
Pin In Hole (PIH) DC to DC converter 130 is connected to 
power plane 205 and conductive track 210 of PCB 200 
with pin 135 and therefore linked by pin 135 and vias 
220. As mentioned above, a single pin is represented to 
link DC to DC converter 130 to power plane 205 for sake 
of illustration, however, DC to DC converter 130 may be 
connected to power plane 205 by several pins. An elec- 
tronic component 145 having a pin 150 connected to 
power plane 205 is shown for purposes of illustration. 
Two vias 230-1 and 230-2 are connected to power plane 
205 and terminate at pads 225-1 and 225-2, respectively, 
on the external surface of PCB 200. 
[0024] | n Figure 2B, a partial plan view of the internal power 
plane layer is shown, comprising power plane 205 with 



geometry adapted to measure DC to DC converter output 
current by measuring the voltage between vias 230-1 and 
230-2 of a dedicated region and using the voltage and re- 
sistance values to solve for the current. Power plane 205 
is made of two parts, a first part having the shape of a 
rectangle and a second part to which electronic devices or 
current loads are connected. The first segment 205-1 is 
connected to the DC to DC converter 130 and conductive 
track 210 through pin 135 and vias 220. A second seg- 
ment 205-2 is connected to the second part of power 
plane 205-2 to which electronic devices are connected. A 
third segment 205-3 links the first 205-1 and the second 
205-2 segments. The third segment 205-3 is used to 
measure the current received from the first segment 
205-1 and transmitted through the second segment 
205-2. Therefore, vias 230-1 and 230-2 belong to the 
third segment 205-3 of the first part of power plane 205. 
In order to simplify the computation of the resistivity 
formed between vias 230-1 and 230-2, vias 220 are ar- 
ranged in such a way that current flow is linear along the 
rectangular shape, as illustrated by the arrows. To that 
end, vias 220 are disposed between the DC to DC con- 
verter pin 135 and the vias 225-1 and 225-2, or prefer- 



[0025] 



ably on each side of the DC to DC converter pin 135, 
along lines perpendicular to the longer edges of the rect- 
angular shape, as illustrated. Accordingly, for a length 
equal to L, a width equal to W, a thickness equal to t and 
the distance between vias 230-1 and 230-2 is equal to d, 
the resistor R formed between vias 230-1 and 230-2 is 
determined according to the following relation: 



R = p 



d 

W-t 



[0026] wherein p is the resistivity of copper that varies with the 
temperature T according to the following equation (first 
order approximation): 

[0027] p( T ) = p o .(i +a .(T-T o )) 

[0028] with, 

[0029] p o =o.017unm for copper at T o =20°C and, 
[0030] a =3. 8x10-3 for copper. 

[0031] Therefore, using equation (1) and Ohm"s law, the current 
may be determined by measuring the voltage between 



pads 225-1 and 225-2. According to Ohm"s relation, 

[0032] U = R .j 

[0033] wherein U is the difference of potential and i is the cur- 
rent, and relation (1), the current is determined by the fol- 
lowing relation, 



[0035] utilizing the rectangular region of power plane 205 dedi- 
cated to measuring current rather than a discrete resistor 
avoids generating thermal hot spots. Power is dissipated 
by the full conductive track instead of the discrete resistor 
component. 

[0036] if the temperature cannot be measured, the dedicated 
portion of power plane 205 may be characterized when 
the circuit has reached its stable state. To that end, the 
DC to DC converter 130 is briefly turned off and a cali- 
brated current is input for determining the reference tem- 
perature. Then, the DC to DC converter is turned on and 



[0034] 




the current may be obtained by using a previously deter- 
mined reference temperature. However, absent an accu- 
rate temperature measurement, such a solution is not very 
precise or practical to use. Another solution includes us- 
ing a reference conductive land (i.e., a conductive track 
belonging to the same layer as the dedicated region) that 
is used only for characterization. Therefore, a calibrated 
current is input to the reference conductive land for de- 
termining a reference temperature that may be used to 
estimate current in the dedicated region. It is not required 
to turn off the DC to DC converter nor any other electronic 
device of the PCB since the reference conductive land is 
not connected to any functional device of the PCB. This 
preferred method, also referred to as "test coupon", al- 
lows for easy calibration of the resistance formed between 
pads 230-1 and 230-2. 
[0037] Even if resistivity of vias 230-1 and 230-2 does not need 
to be considered when computing resistivity of the power 
plane 205 between vias 230-1 and 230-2 for measuring 
high current, it must be taken into account for measuring 
low current. However, such computations being obvious 
for a person skilled in the art and being outside the scope 
of this disclosure are not detailed herein. 



[0038] Referring to Figure 3, a current sharing controller 300 
may be connected to pads 225-1 and 225-2 to control 
DC to DC converter 130, particularly when several DC to 
DC converters are connected in parallel. Figure 3 repre- 
sents a partial perspective view of the PCB 200 of Figure 2 
further including a current sharing controller 300. Current 
sharing controller 300 controls DC to DC converter 130 
with a control signal carried along conductive track 305 of 
the external upper layer. Current sharing controller 300 
measures the difference of potential between pads 225-1 
and 225-2 through conductive tracks 310-1 and 310-2, 
respectively, belonging also to the external upper layer. 
According to Ohm"s law, the measured voltage is propor- 
tional to the current as explained above, which is used to 
control DC to DC converter 130 for optimizing output 
current balancing. Conductive tracks 305, 310-1 and/or 
310-2 may be designed in an internal conductive layer. As 
noted above, resistivity and design of vias 230-1 and 
230-2 and conductive tracks 310-1 and 310-2 must be 
considered for measuring low current but do not present 
a concern when measuring high current. A first solution to 
avoid the variation that may be introduced by resistivity 
and design of vias 230-1 and 230-2 and conductive 



tracks 310-1 and 310-2, is to use approximately the 
same circuit geometry and structure for measuring the 
current of each DC to DC converter. This approach allows 
the conductive tracks and vias used for measuring the 
current to have approximately the same shapes and sizes. 
Moreover, the distances between the points of measure 
are approximately the same, according to the axis deter- 
mined by current flow. A second solution handling the 
variation that may be introduced by resistivity and design 
of vias 230-1 and 230-2 and conductive tracks 310-1 
and 310-2, is to use a compensation circuit adapted to 
correct current measurements so that the current sharing 
controller may be used efficiently. 
[0039] Figure 4 illustrates a first embodiment of a system for op- 
timizing current sharing of two DC to DC converters, ac- 
cording to the invention. Figure 4 represents a partial plan 
view of an internal power plane wherein locations of DC to 
DC converters, current sharing controllers and several as- 
sociated signal tracks are shown with dotted lines. Power 
plane 400 comprises two rectangular shapes 405-1 and 
405-2 that are used for measuring current as explained 
above, to which DC to DC converters 410-1 and 410-2 
are connected, respectively. Power plane 400 almost com- 



pletely overlays the PCB with the exception of rectangular 
shapes 405-1 and 405-2. To measure output current of 
DC to DC converters 410-1 and 410-2 and to control 
them, two current sharing controllers 415-1 and 415-2 
are used. Current sharing controllers 415-1 and 415-2 
are connected to DC to DC converters 410-1 and 410-2 
though signal tracks 420-1 and 420-2, respectively, and 
are connected together through signal track 425. Current 
sharing controllers 415-1 and 415-2 are also connected 
to the dedicated portions of the rectangular shapes 405-1 
and 405-2, respectively, of internal power plane 400 for 
measuring current as detailed above. For example, current 
sharing controller 415-1 is connected to vias 430-1-1 
and 430-1-2 through conductive tracks 435-1-1 and 
435-1-2 respectively. Furthermore, current sharing con- 
trollers 415-1 and 415-2 are connected to a particular 
point of the power plane 400, used as a common potential 
reference, through track 440. Additional power planes 
may be connected to power plane 400 in a similar manner 
to the invention, current sharing controllers 415-1 and 
415-2 measure the output current of DC to DC converters 
410-1 and 410-2 to regulate them. A current sharing 
controller (e.g., load-share controller UCC39002 from 



Texas Instruments Incorporated) provides all necessary 
functions to parallel multiple independent power supplies 
or DC to DC converters. Targeted for high reliability appli- 
cations in servers, workstation, telecommunications and 
other distributed power systems, the controller is suitable 
for N+l redundant systems or high current applications 
where off-the-shelf supplies need to be connected in par- 
allel. 

[0040] As illustrated in Figure 4, the structure of the circuits used 
for measuring the current of each DC to DC converter are 
approximately the same. For example, rectangular shapes 
405-1 and 405-2 are similar, conductive tracks 435-1-1 
and 435-1-2 are similar to conductive tracks 435-2-1 
and 435-2-2, respectively, vias 430-1-1 and 430-1-2 are 
similar to vias 430-2-1 and 430-2-2, respectively, and 
the distance between vias 430-1-1 and 430-1-2, accord- 
ing to the current flow direction, is approximately the 
same as the distance between the vias 430-2-1 and 
430-2-2, still according to the current flow direction. 
Since the circuit structure used for measuring the current 
provided by DC to DC converters 410-1 and 410-2 are 
similar, no compensation circuit is required (variations 
due to external factors such as manufacturing process or 



temperature are similar), even for measuring low current. 
[0041] Figure 5 shows a second embodiment of a system for op- 
timizing current sharing of several DC to DC converters of 
a PCB, according to the invention. In this embodiment, the 
PCB includes as many internal power planes as DC to DC 
converters. Figure 5 is a perspective view of a PCB 500 in- 
cluding an external conductive layer 505 and three inter- 
nal power plane layers 510, 515 and 520. Each of the in- 
ternal power plane layers includes a small tab extending 
from one end of the plane. These shapes are positioned 
on the same side for each layer of the PCB, and are stag- 
gered rather than vertically aligned. In this implementa- 
tion, three DC to DC converters 525-1, 525-2 and 525-3 
are used and soldered on the external conductive layer 
505. DC to DC converter 525-1 is connected to the rect- 
angular shape of the power plane of the internal conduc- 
tive layer 510 with several vias, as discussed above, to 
create a linear current flow in the dedicated portion of the 
corresponding rectangular shape. DC to DC converters 
525-2 and 525-3 are similarly connected to the rectangu- 
lar shapes of the power planes of the internal conductive 
layers 515 and 520, respectively. Each DC to DC converter 
is connected to an associated current sharing controller 



e.g., 530-1, that are connected together. Each current 
sharing controller measures the current in the dedicated 
region of the rectangular tab shape to which the associ- 
ated DC to DC converter is connected. As illustrated, all 
the power planes are electrically connected to each other 
through a set of vias 535 that are disposed between the 
rectangular shapes and the remaining portion of each 
power plane. These vias allow a uniform distribution of 
current in the power planes, whatever the contribution of 
each DC to DC converter. A further signal track, not rep- 
resented for clarity, connects each current sharing con- 
troller to a particular point on one of the power planes 
and is used as a common potential reference. This partic- 
ular point must be chosen near the vias 535, or on the 
other side of the vias when considering the rectangular 
shapes, to provide a measurement not biased by a partic- 
ular DC to DC converter. 
[0042] The shape used to establish a current reference for each 
layer need not be rectangular, but may constitute any 
shape so long as it is uniform. However, in such a case, it 
may be necessary to pre-characterize the conductive ded- 
icated portion used to measure current when its resistivity 
can not be easily computed. To that end, calibrated cur- 



rents are input in the conductive region at known temper- 
atures. Figures 6A, 6B, 6C and 6D illustrate examples of 
shapes that may be used efficiently to measure current. 
[0043] Figures 6A and 6B show pseudo-random shapes used for 
transferring current from a first segment 615-1 wherein 
current is input with a pin or via 600, to a second segment 
615-2 from which current is output to a current-load 
area, through a third segment 615-3 used for measuring 
the transferred current. As illustrated, current measure- 
ment is accomplished between two measure points of the 
third segment 615-3, using vias or conductive tracks 
605-1 and 605-2, by the method described previously. 
The current measurement may be absolute to determine 
its value, or relative to optimize a current source. Refer- 
ring to Figures 6A and 6B, the computation of the resistiv- 
ity of the third segment 615-3, between the two measure 
points, is complex. Since determining the resistivity of the 
third segment 615-3, between the two measure points, is 
required when performing an absolute current measure 
and to avoid such complex computations, a lookup table 
listing calibrated currents may be employed to derive the 
relation between the current and the measured difference 
of potential between the measure points. To that end, be- 



fore using the PCB, several calibrated currents are input 
sequentially and, for each input current, the difference of 
potential is measured and stored in a table with a corre- 
sponding current value. This table is prepared only once. 
Then, when using the PCB for its intended purpose, the 
difference of potential is measured and the corresponding 
current is determined by referencing the table. To take 
temperature into account, one of the methods described 
above may be used. When several circuit structures are 
used to measure current of different current sources for 
optimizing purposes, it is not necessary to determine the 
relation between the current and the measured difference 
of potential for each measuring circuit structure if the 
third segment 615-3 used for measuring current is ap- 
proximately the same in the case of high current or if the 
measure circuit structures are approximately the same in 
the case of low current, as explained above. 
[0044] Figure 6C shows another example of the design of a con- 
ductive power plane used for distributing current from a 
current source to a load. According to the invention, the 
conductive power plane includes two discrete regions for 
outputting current, i.e. two different planar regions 
wherein devices may be connected. These two regions are 



connected to the first segment 615-1 where current is in- 
put with pin or via 600 and the set of vias 610, through 
two other segments 615-3-1, 615-3-2 used for measur- 
ing current by two pairs of vias or conductive tracks 
605-1-1 and 605-1-2, and 605-2-1 and 605-2-2, re- 
spectively. The set of vias 610 connects the first region 
where current is input to another conductive track con- 
nected to the current source. Therefore, the current that is 
output from the current source (e.g. DC to DC converter) 
is distributed among the two regions where devices may 
be connected, so two current measurements are required. 
To provide linear current flow lines along the dedicated 
portions of the power plane wherein measurements are 
made, vias 610 are disposed on each side of the pin or via 
600, as illustrated. Providing a linear path for current flow 
simplifies the computation of the resistivity between 
points of measure. The two pairs of vias or conductive 
tracks, 605-1-1 and 605-1-2, and 605-2-1 and 
605-2-2, are disposed between the first region where 
current is input and the two different regions from which 
current is output. The current provided by the current 
source is equal to the sum of the currents measured be- 
tween vias or conductive tracks 605-1-1 and 605-1-2 



and vias or conductive tracks 605-2-1 and 605-2-2. 

[0045] Figure 6D illustrates another implementation of the 

present invention where the first segment 615-1 to which 
the current source is connected and the second segment 
615-2 to which other devices may be connected, are 
linked through two different conductive paths 615-3-3, 
615-3-4. In this instance, each of the two conductive 
paths 615-3-3, 615-3-4 comprise a dedicated portion to 
measure the current. Two sets of vias 610, connecting the 
region where current is input to another conductive track 
also connected to the current source, are used to provide 
linear current flow lines along these conductive paths. A 
first pair of vias or conductive tracks 605-1-1 and 
605-1-2 is disposed in a first path and a second pair of 
vias or conductive tracks 605-2-1 and 605-2-2 is dis- 
posed in the second path, to measure current. As shown 
in Figure 6C, the current provided by the current source is 
equal to the sum of the currents measured between vias 
or conductive tracks 605-1-1 and 605-1-2 and between 
vias or conductive tracks 605-2-1 and 605-2-2. 

[0046] Although the detailed examples described are based upon 
PIH devices, it is understood that using other types of de- 
vices e.g., surface mount technology (SMT) devices, does 



not change the method and system of the invention. 
[0047] while the invention has been described in detail, the fore- 
going description is in all aspects illustrative and not re- 
strictive. It is understood that numerous other modifica- 
tions and variations can be devised without departing 
from the scope of the invention. 



